Mesocrystal MnO cubes consisted of nanocrystals ($ 16 nm) with percolated nanopores ($ 10.5 nm) and a porosity of 45% were synthesized through polyvinyl alcohol (PVA) assisted hydrothermal growth and homoepitaxial aggregation. The resulting MnO crystal makes up of appreciable amount of Mn 3 + , $ 11.8%, ascribed to incomplete reduction during the hydrothermal growth, and the presence of such an appreciable amount of Mn 3 + is thought to lead to the enhancement of Li ion diffusion coefficient from 6.96 Â 10 À 14 cm 2 /s to 3.33 Â 10 À 13 cm 2 /s. Carbon coating derived from polyvinyl alcohol and homoepitaxial connection of nanocrystals provides excellent charge and mass transfer pathways. Such mesocrystal MnO cubes enhanced the contact of electrolyte and electrode materials, at the same time the active nanocrystals with trivalent manganese ions and cationic vacancies would promote the conversion reaction for lithium-ion insertion and extraction, leading to a high capacity of 637 mA h/g at 100 mA/g in a relatively smaller voltage range of 0.05-2.50 V, as compared with a voltage window of 0.01-3 V used by other research groups. The high voltage (4 V) Li-ion capacitor, a full cell with mesocrystal MnO cubes as anode and activated carbon as cathode, demonstrated excellent cycling performance with the degradation rate of 0.002% per cycle, and the achieved maximum energy in full capacitor reached 227 W h kg À 1 that calculated on the total weight of the active materials in both electrodes.
Introduction
Energy storage devices owned both high energy and power density have a huge market potential for the rapid development of portable electronic apparatus, electric vehicles and smart stationary grid as well as for renewable energy [1, 2] . It is the holy-grail in the field of energy storage technology to search and develop high capacity electrode materials with wide operating voltage window and rapid charge/discharge kinetics [3] [4] [5] . Combining the high energy density of Li-ion batteries and high power density of supercapacitors provides an alternate approach to satisfy the demand for both high energy and power density devices [6] . Batteries offer high energy density but suffer from relatively low power density, while supercapacitors possess high power density with limited energy density [3, 7] . Li-ion batteries store chemical potential and convert it to electricity through electrode-electrolyte interface redox reactions accompanied with solid state charge and mass diffusion through electrodes, whereas electric double layer capacitors (also known as supercapacitors) rely on the formation of electric double layers at the interface between electrode and electrolyte without solid state mass transport through electrode [7] . Li-ion capacitors integrate the merits of high specific energy of Li-ion batteries and high power density of electric double layer capacitors (EDLCs) [6, 8] . Besides, with a given capacity, the wide operating voltage window of Li-ion electrolytes endows high energy density, which is directly proportional to the operating voltage squared. There are two ways to enhance the energy density of Li-ion capacitors. One is to develop or explore redox electrode materials with high capacity, and the other is to increase the working voltage of the capacitors. In Li-ion capacitors, the working voltage is largely determined by the nature of electrolyte. Aqueous electrolyte limits the working voltage of$ 1 V, to avoid the water electrolysis [9] . Organic electrolytes, such as tetraethylammonium tetrafluoroborate (TEATFB) [10] , LiFP 6 or LiClO 4 organic solution [11] and ionic liquids (ILs) [12] , have wide voltage windows, which are dependent on the energy separation of the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) of the electrolyte. Among various Li-ion electrolytes, LiPF 6 electrolyte possess a tunable working voltage of 0-6 V through the introduction of additives or change solvent compositions [13, 14] . The electrochemical potential of cathodes (μ C ) and anodes (μ A ) should be matched with the HOMO and LUMO of electrolyte to avoid the decomposition reaction occurred between electrolyte and electrodes [15] , so choosing suitable electrode materials for Li-ion electrolytes is an important consideration in the design and fabricating of Li-ion capacitors.
Manganese oxides are promising electrode materials to develop high performance Li ion batteries [16] or supercapacitors [17, 18] due to their high theoretical capacity, abundance in earth, environmental benign and low cost. MnO used as an anode offers two advantages. First, its discharge voltage plateau at 0.5 V coincides with that of the commercial graphite, this voltage plateau closes to the LUMO of electrolyte without side reactions and neither at the cost of sacrificing the voltage window. The second is that its theoretical capacity exceeds 760 mA h/g, more than twice of the commercial graphite (372 mA h/g), based on the conversion reaction in the charge/discharge process. In fact, the measured capacities of MnO could be higher than the theoretical value due to the strong interphase interaction [19, 20] . At the same time, designing and controlling the microstructures of electrodes can promote the kinetic nature for rapid redox reaction during energy storage or release [3, 21, 22] . Therefore, carbon coated nanostructured MnO could be developed as a promising candidate for Li ion batteries or capacitors.
In this work, mesocrystal MnO cubes were synthesized using hydrothermal growth and used as an anode to build a high voltage Li-ion capacitor with activated carbon as a cathode. The micrometer-sized mesocrystal MnO cubes consisting of numerous homoepitaxially aggregated nanocrystals with percolated pores were annealed at 500 1C in Ar for 2 h; polymer additives presented in the precursor solution for the hydrothermal growth were pyrolyzed and converted to a thin carbon coating on the surface of MnO nanocrystal not aggregated with other nanocrystals. Activated carbon with a specific surface area of 1800 m 2 /g was chosen as the cathode in this work. Mesocrystal MnO cubes were investigated by means of X-ray diffractometry (XRD), scanning electron microscopy (SEM), high resolution transmission electron microscopy (HRTEM), Raman spectrum and nitrogen sorption analysis. The charge/ discharge and cycling performance of both half and full cells of Li-ion capacitors were characterized. The formation mechanism of mesocrystal MnO cubes and the relationship between the MnO anode and the Li-ion capacitor performance have been elaborated.
Experimental
Synthesis of mesocrystal MnO cube 3.0 g PVA was dissolved into 30 ml DI water with heating at 90 1C to form transparent solution. 3.75 mmol KMnO 4 and 1.25 mmol MnCl 2 were dissolved into 30 and 10 ml DI water, respectively. The PVA solution was added to KMnO 4 solution under magnetic stirring seriously with 30 min, then added MnCl 2 solution into the mixture and stirred with 30 min under same conditions. The mixture was transferred into a 100 ml Teflon lined stainless steel and treated at 180 1C with 30 min. The product was washed and centrifugated by DI water several times and dried at 60 1C in an oven. At last, the obtained precursor was calcined at 500 1C with 2 h immersed into Ar atmosphere, the heating rate was 5 1C/ min and cooling is under nature.
Structural characterization
The crystalline structure and microstructure of sample were conducted on a Marcogroup diffractometer (MXP21 VAHF) with a Cu-Kα radiation source (λ = 1.54056 Å) and a scanning electron microscope (SEM, HITACHI SU8200), respectively. The lattice image was observed through high resolution transmission microscopy (HRTEM, FEI/Tecnai G2 F20 S-TWIN TMP) with an accelerating voltage of 200 kV. Raman spectrum was collected at 0.65 cm À 1 resolution with a Horiba JOBIN YVON Raman system (LabRAM HR Evolution) using an argon ion laser (532 nm) as the excitation source. The total surface area was investigated using nitrogen sorption analyses via Micromeritics surface area and porosity analyzer (ASAP 2020 HD88, USA). The degas condition was set to 250 1C with 4 h under vacuum of 500 μmHg ( 0.67 mbar), all adsorption-desorption measurements were conducted at liquid nitrogen temperature and the Barrett-JoynerHalenda (BJH) method was adopted to calculate the mesopore surface area, pore volume and pore diameter. TGA/ DTA instrument (Mettler-Toledo STAR system, TGA/SDTA) was used to study the content of carbon with a flowing oxygen of 50 ml/min. The electrical conductivity of samples was measured using a direct current four probe technique with a pressure of 4 MPa.
Capacitor fabrication and electrochemical characterization
The electrochemical performances were investigated using 2032 coin cells. To prepare the working electrode, the slurry contained a mixture of MnO-C, carbon black and poly-(vinyl difluoride) (PVDF) at a weight ratio of 80:10:10 was bladed on a Cu foil and then subjected to thermal treatment at 120 1C with 12 h in vacuum. The mass loading of the active material on each electrode disk was 2.0-3.0 mg cm À 2 . The electrolyte was 1 M LiPF 6 in a 1:1:1 (vol %) mixture of ethylene carbonate, dimethyl carbonate and diethyl carbonate, and a polypropylene film (Celgard 2400) was used as the separator. Li ion capacitors were fabricated in which commercial activated carbon was employed as cathodes and MnO-C electrodes as anodes. To avoid the prethiation on MnO, a separator packaged porous lithium metal foil (0.3 mm) was positioned between the cathode and anode to provide an abundant Li sources in electrochemical reaction. The fabrication of cathodes are similar with anodes but on an Al foil. Half cells were also assembled and lithium foil was used as the counter electrode for investigating the electrochemical properties of anode materials. All cells were assembled in an argon-filled glovebox in which both the content of oxygen and water are below 0.5 ppm. The contrasting samples of Microsized MnO and AC were also fabricated as the steps above.
Galvanostatic charge-discharge tests of all cells were carried out on a Land CT2001A system (Wuhan, China) with various current densities. The operating voltage window for MnO-C, activated carbon half cells and Li ion capacitors are 0.05-2.5 V (vs. Li/Li + ), 2.0-4.5 V (vs. Li/Li + ) and 0.1-4.0 V (MnO-C//AC), respectively. Cyclic voltammograms (CVs) were conducted on a Solartron SI 1287 at the scanning rate of 0.1 mV/s for characterizing the redox reaction of electrode materials in the process of charge/discharge. Electrochemical impedance spectroscopy (EIS) were performed using the Solartron 1287 A in conjunction with a Solartron 1260 A impedance analyzer over the frequency range from 100 kHz to 0.1 Hz and the AC amplitude was 10.0 mV. The current densities for the half cells were calculated on the mass of active materials of electrodes and Li ion capacitors were determined based on total mass of active materials on both electrodes. All electrochemical measurements were carried out at room temperature. The specific energy and specific power values of Li ion capacitors were calculated as follows:
where I is the discharge current (A/g) and t is the discharge time (s), m is the total active mass on both electrodes (kg), V max is the potential at the beginning of discharge after the IR drop, and V min is the potential at the end of discharge.
Results and discussion Figure 1b ) and a thin carbon coated on the surface was marked with the double green dash lines. The carbon coating originated from the pyrolysis of polyvinyl alcohol (PVA) that was added during the synthesis of MnO as a growth inhibiting agent to control the size of nanocrystals [23, 24] . Raman spectrum ( Figure 1c ) demonstrates the characteristic peaks of carbon; the intensity ratio between the G band at 1587 cm À 1 and the D band at 1350 cm À 1 (I D /I G ) approximates to 0.91 that indicates the carbon coating has a good degree of graphitization [25, 26] . This agrees with the XRD result shown in Figure 1d where a broad peak at 231 is in accord with the characteristic peak (002) of graphite [27] . Except the G (002) peak, all other XRD peaks can be well indexed to MnO (space group Fm-3m (225), JCPDS NO.07-0230), which possesses a simple cubic structure as shown in the inset in Figure 1d . From the XRD peak (220), the average size of the MnO nanocrystals was calculated to be $16 nm using the Scherer equation, which agrees well with the SEM results. Figure 1e displays the nitrogen sorption isotherm, from which Brunauer-Emmett-Teller (BET) surface area of 74.3 m 2 /g and peak pore size of $10.5 nm were obtained, and similarly mesopore volume and porosity were found to be 0.152 cm 3 /g and 45%, respectively. Carbon content of $11.7 wt% in MnO-C can be calculated using the BET surface area and the thickness of carbon coating ( 0.7 nm observed from HRTEM), which is approximately 30% greater than the result of 9.01 wt% obtained from DSC/TG analyses (shown in Figure S2 ). The difference in carbon content between calculated and measured results is ascribed to the calculation based on a continuous and compact carbon coating, while the actual carbon coating might contain a fraction of pores. Assuming all nanocubes are made of same sized nanocrystals of 16 nm, the specific surface area can be calculated to be 63.6 m 2 /g, slightly smaller than but very close to the BET result, 74.3 m 2 /g. Such a small difference can be easily explained by considering the fact that the cubic nanocrystals have some facets partially overlapped when the mesocrystals are formed through homoepitaxial aggregation of nanocrystals. The differences in carbon content and BET surface area obtained from calculation and measurements are indicative that the carbon coating has a porous nature as commonly reported in the literature [28, 29] . The valence state of Mn ions in resulting sample was analyzed using X-ray photoelectron spectroscopy (XPS) (Figure 1f ) and the separation of 11.6 eV between Mn2p 1/2 and Mn2p 3/2 agrees with the characteristic of MnO [30, 31] , implying that the phase analyses from XRD is reasonable above. The Mn2p 3/2 peak can be fitted by three Gaussian functions and the simulative peaks are located at 640.8, 641.8 and 644.2 eV, respectively. The peak at 642.2 eV derives from Mn 3 + ions and the other two peaks corresponds to Mn 2 + ions [32, 33] . The content Mn 3 + ions was estimated through utilizing the intensities from the simulative peaks area and found to be 11.8% which implied the Mn 7 + reduced to Mn 2 + incompletely and suggested the cationic vacancies could be created in the MnO lattice for charge balance in the nanocrystals.
When no stabilization mechanisms such as electrostatic double layer stabilization and polymeric layer steric stabilization, nanocrystals would aggregate to form microspheres in order to minimize the total energy [34] , except for using hard template [35] or crystallographic orientation of nanocrystal [36] to form cubic shapes. Although the exact formation mechanism of mesocrystal MnO-C cubes need further studies, the surface energy of crystal facets and the effect of PVA molecular can provide a clue to explain the process of the formation of mesocrystal MnO-C cubes as illustrated in Figure 2 . After initial nucleation, the subsequent growth would have different advancement rates along different crystal orientations being directly dependent on the surface energy of corresponding crystal planes/facets. From the lattice parameter (a), coordination number (ρ), and bonding strength (δ) of Mn-O bond, the surface energy of {100}, {110} and {111} facets can be calculated; the values are ϒ {100} =4δ/a 2 oϒ {110} =4.24δ/a 2 {ϒ {111} =10.39δ/ a 2 [37, 38] . Therefore, MnO nuclei would have preferential growth along o1114 directions, leading to a thermodynamic equilibrium crystal shape of cubes surrounded with the lowest surface energy {100} facets; similar results have been widely reported in the literature such as Cu 2 O [39] . In the growth process of initial/primary nanocrystals, macromolecular PVA, with a degree of polymerization of 1750750, disperses into the clearances of nanocrystals and would hinder the diffusion of the nanocrystals, allowing their attachment and assembly into ordered aggregates (mesocrystals) to lower the total energy [23, 24, 40] . The structure-directing effect of organic additives benefits to drive the mesoscopic subunits assembled regularly has been verified in the previous literature [24, 41] . Thus, the nanocrystal cubes would homoepitaxially aggregate rather than the classic atom-by-atom growth in the initial process because the initial adhesion force or energy is not too big that the nanocrystal cubes have sufficient time and freedom to align up epitaxially before irreversibly bounded together [22] . Not only does PVA assist the ordering of nanocrystals, but also help to produce mesopores in the assembled aggregates as the reported effect in the synthesis zeolites [37] . As a result, the bounded nanocrystals show as a cubic shape and contain an amount of voids which exhibit as the surface area or mesopore channels. The PVA chains could also be pyrolyzed and converted to porous carbon coating covered on the surface of MnO nanocrystals as verified by the results from BET and TG mentioned above. This porous carbon coating benefits the penetration of electrolyte and charge transfer for enhancing the electrochemical kinetics in the energy storage reaction [24, 42] .
Electrochemical properties of MnO-C were characterized and specific capacities were calculated on the total mass of materials containing MnO core and porous carbon coating. Cyclic voltammograms (CV) were tested for 3 cycles at a sweep rate of 0.1 mV/s in the potential range from 0.01 to 3.0 V vs Li/Li + at room temperature and the measured CV curves are shown in Figure 3a . In the first cathodic scan, weak peaks located at 0.5-2.2 V, which disappear in the following cycles, correspond to the formation of a solid electrolyte interphase (SEI) film due to the decomposition of the electrolyte on the MnO surface. In addition, the strong peak appeared at 0.3 V relates to the decomposition of MnO into Mn and Li 2 O. Upon charge, one peak appears at 1.22 V in the anodic scan, which can be assigned to the oxidation of Mn and decomposition of Li 2 O. All characteristics agree with the reported MnO anodes [30, 42, 44] . Moreover, the curve in the third scan is similar to that of the second one, implying that MnO-C has a highly reversible property. Noteworthy, MnO stores chemical energy through conversion reaction [42] :
with a theoretical capacity of 760 mA/g in Li ion system. The rate capability of MnO-C (Figure 3b ) was also tested with various current densities in the potential range of 0.05-2.5 V in a Li ion half-cell where lithium metal was used as the counter electrode. The initial discharge capacity of MnO-C reaches up to 1196 mA h/g at a current density of 0.1 A/g, but the first charge capacity is 629 mA h/g and the subsequent discharge capacity reduces to 637 mA h/g in the second cycle. The distinct difference between the initial discharge and charge implies the formation of solid electrolyte interphase (SEI) film exhausted Li ions in this process [45] . Although the formation and composition of SEI are complex, the excess exhaustion of Li ions for conversion reaction mainly attribute to the formation of SEI from side interfacial reaction between electrode and electrolyte in the discharge process of MnO-C [46, 47] . This phenomenon agrees with the change of cathodic peaks in the first and second scans. The thickness of SEI can be estimated from the exhausted Li ions and the surface area of sample, and the value is around 4 nm. The SEI film and carbon coating are stabilizers to inhibit the crack or collapse of MnO-C structure [48] . In general, conversion reaction accompanies with a relatively large volume change of active particles, and the local stress concentration from phase transition could induce the particles crack that accelerates the degradation of electrode [48] . Porous carbon coating and contractile SEI film as the buffering protection net bind the mesocrystal MnO to limit the side effect from volume change. Besides, the smaller size of nanocrystals can also avoid the stress concentration in the discharge process. Although the SEI film has a complex composition, the positive effects are considered as the descriptions. Thus, the exhausted Li ions are deserved for MnO-C electrode in the first cycle. Furthermore, in rate performance tests, the electrode was tested at various current densities from Figure 2 Schematic illustration of the formation process of mesocrystal MnO cube. MnO nuclei favor the preferential crystal growth along o1114 directions to form a nanocube. PVA hinders the diffusion of the nanocrystals, allowing their attachment and assembly into ordered aggregates with a certain porosity [22, 43] . Finally, PVA is pyrolyzed during the heating treatment to form a porous carbon coating on the surface of nanocrystals.
0.1 to 2 A/g, it displayed discharge capacities of 637, 473, 352, 261 and 183 mA h/g, respectively. More importantly, the capacity retained 515 mA h/g when the current density returned to 0.1 A/g, which is higher than the reported capacity of the yolk-shell MnO nanorods of 474 mA h/g (tested in a much large voltage window of 0.01-3.0 V) [42] . Meanwhile, a solid micro-sized cubic MnO (labeled as Microsized MnO) was also tested with the same conditions for contrasting electrochemical performance. The morphology and phase of this contrasting sample are exhibited in Figure S3 . Microsized MnO mesocrystals delivered the discharge capacities of 326, 188, 125, 77 and 39 mA h/g at 0.1, 0.2, 0.5, 1 and 2 A/g, respectively, and the retaining specific capacity was 238 mA h/g at 0.1 A/g after the high rate tests (Figure 3b) . These values are less competitive than those of MnO-C at any discharge current densities, manifesting the unique microstructure endows the superior performances to MnO-C. The high capacities can be attributed to four aspects: firstly, the smaller nanocrystals in MnO-C mesocrystals possess the larger surface are and higher reactive activity that enhanced the reversibility of conversion reaction, at the same time these smaller nanocrystals shorten the distance of ions diffusion to improve the rate capability of electrode material; Secondly, the homoepitaxial aggregation of nanocrystals ensures better transport properties between adjacent nanocrystals and throughout the entire electrodes. Thirdly, the porous carbon coating not only provide the penetration channels for electrolyte, but also guarantee the fast charge transfer in the electrode reaction. And lastly, the mesopores in MnO-C benefit the exchange of mass in electrode and electrolyte in the whole half-cell system, and the SEI film on the particles surface hinders the stress destroy during the cycles. The synergistic effect was also found and reported in other nanostructured electrode materials with carbon coating [19, 44] . Electrochemical impedance spectroscopy (EIS) as an effective approach was employed to investigate the electrochemical characteristics of electrode materials, and Figure 3c compares the impedance spectra of MnO-C and Microsized MnO. The inset exhibits the equivalent circuit, where R s , R f , R ct , CPE and Z W represent the resistance of the electrolyte, the resistance of the SEI film and charge transfer resistance, the double layer capacitance and the Warburg resistance, respectively. All the curves display a semicircle in the high frequencies and followed by a straight line in the low frequencies. The arcs in high frequencies are assigned to the charge transfer resistance of electrode materials [42] . Remarkably, the value of MnO-C sample (93 Ω) is smaller than half of that of Microsized MnO (191 Ω), indicative of the excellent conductivity in the MnO-C as described above. In addition, Li ion diffusion coefficient of samples also can be calculated from the low frequencies plots of EIS spectra (Figure 3d ) based on the following equations [49] .
where ω, A, n, F, C, R and T stand for the angular frequencies, electrode area, electrons number, Faraday constant and the molar concentration of Li ions, respectively. The calculated Li ion diffusion coefficients of MnO-C and microsized MnO are 3.33 Â 10 À 13 cm 2 /s and 6.96 Â 10 À 14 cm 2 /s, respectively. The enhanced ionic conductivity in MnO-C derives from two reasons, one originates from the shortened distance of ions diffusion due to the small size of nanocrystals, the other stems from the defects, cationic vacancies, created in the synthesis process because the high valence state of Mn 3 + resided into the MnO lattice. XPS analysis above verified the existence of cationic vacancies that leave more open void space for easy lithium ion diffusion [49] [50] [51] . In addition, electrical conductivities of MnO-C and microsized MnO measured through direct current (DC) four probe technique are 2.97 Â 10 À 5 S/cm and o10 À 6 S/cm. The sensitivity of instrument is 10 À 6 S/cm so that the electrical conductivity of microsized MnO was not measured accurately. Thus, it is believed that microsized MnO has an electrical conductivity of o10 À 6 S/cm. Combining with the Raman analysis, the thin carbon coating with high degree of graphitization contributes to this improved electrical conductivity and the decreased charge transfer resistance in EIS. By these comparisons, mesocrystal MnO-C built on carbon coated nanocrystals displays the enhanced electrical conductivity and ionic diffusion coefficient that accelerate the electrochemical reaction in electrode during the process of energy storage. In addition, the cycling stability of MnO-C was also tested at 1 A/g with 200 cycles and no unperceivable degradation was observed ( Figure S4a) , at the same time the cycled electrode material was analyzed by SEM and the morphology of mesocrystal cube was not destroyed (Figure S4b ), albeit the surface become smooth compared with the pristine sample before cycling (Figure 1a ). All these results reveal the MnO-C with the excellent microstructural and cycling stability, suggesting that the microstructure, cationic vacancies and porous carbon coating benefit to the electrochemical performances of electrode materials.
Based on electrochemical properties of MnO-C discussed above, we aim to design a Li-ion capacitor with the MnO-C anode. Thus, the electrochemical nature of MnO and design rule should be formulated at first. Mn belongs to manyelectron atom and the electronic configuration is written as [Ar]3d 5 4s 2 . The overlapping electrons cloud in 3d and 4s orbitals leads to the loss of electrons from 4s at first during the oxidation process, especially for Mn to Mn 2 + , the 4s orbital loses two electrons and oxygen anions coordinate with Mn 2 + to form MnO 6 octahedron that induces the orbital splitting in 3d and form t 2g and e g orbitals with high spin. After splitting, e g has the higher energy level than that of 4s, leading to the electrons in e g hops into 4s [52] . This continuous energy change result to the sloping charge curve in the oxidization. Thus, during the reduction, the incoming electrons jump into e g orbital to decrease the system energy. The same energy level of both e g orbitals causes the equivalent energy change in the discharge process, displaying a discharge potential plateau [53] (Figure S5 ). The energy difference of electrons hopping in d (or f orbitals) determines the electrochemical potentials of electrode materials [48, 54] . The electronic structure and available electrovalence of MnO endows it a valuable discharge voltage plateau ( 0.5 V) and high theoretical capacity (760 mA h/g). These highlights give MnO a competitive strength as anodes in Li ion devices. Thus, MnO-C was chosen as anode to design high voltage asymmetric Li ion capacitor where activated carbon (AC) was used as cathode. The working voltage window of asymmetric supercapacitor can be defined by work functions of electrode materials and the details described by Chang and co-workers [55] . Besides, defects from alien atoms can change the surface state that tunes the work function of oxides [56] , and difference between the work functions of both electrode materials in asymmetric electrodes opens the wide operation voltage window, similar to battery operation. Based on this principle, operating MnO-C anode and AC cathode in Li ion electrolyte (1 M LiPF 6 in a 1:1:1 (vol %) mixture of ethylene carbonate, dimethyl carbonate and diethyl carbonate) ensures the capacitor with a wide voltage window. In general, AC works with a electrochemical window within 1 V in aqueous solution and the achieved energy density is below 10 W h/kg [57] . Nonaqueous electrolyte can widen the working window and increase the energy density of AC in symmetrical capacitor [58] . Based on the principles and reported results, we aim to fabricate asymmetric capacitor with MnO-C as anode in nonaqueous electrolyte to further increase the energy density of capacitor because MnO has a low, but safe voltage range of 0.05-2.5 V vs Li/Li + and AC works in 2.0-4.5 V vs Li/Li + in half cells. The difference between the available working electrochemical potentials in MnO-C and AC can provides a wide voltage rang of 0.1-4.0 V for operating the MnO-C//AC Li ion capacitor. Except for ionic liquid as electrolyte to achieve the wide voltage window of 4 V [12] , few reported organic capacitors can operate with a working voltage window of 4 V (Table S1) .
Considering the capacity match between anode and cathode, AC as cathode in half cells were investigated and rate capability is exhibited in Figure S6 . The mass ratio was based on the charge balance of both electrodes as follows [55] .
where C is specific capacitance, ΔE the potential window during the charge/discharge process and m is the mass of the electrode. The mass ratio of MnO-C and AC was calculated to 1:7.5 on the electrodes in the asymmetric capacitor. In order to optimize the mass ratio, four sets of Li ion full capacitor were fabricated and the mass ratio were set at 1:5, 1:6, 1:7 and 1:8. The measured results are shown in Figure 4a and the capacitor with 1:6 mass ratio exhibits the highest capacity. The difference between calculated and measured mass ratio originates from the complex system match in the full capacitor rather than the simple charge equals from electrodes materials. Besides, the charge/discharge curve exhibits the characteristic of supercapacitors as reported [59] , implying that the design in this work is reasonable. The rate capability of MnO-C//AC asymmetric capacitor was tested through galvanostatic charge/discharge under various current densities (Figure 4b ). In the first cycle, MnO-C//AC capacitor delivers a considerable capacitance of 270.3 F/g at 100 mA/g in the working voltage window of 0.1-4.0 V. More importantly, the discharge capacitance increases gradually with the increase of cycles and the specific capacitance reaches a stable value of 387.7 F/g when cycled after 15th cycles. Two possible mechanisms may explain such an increase in discharge capacitance, one derives from a reversible SEI effect that suggests pseudocapacitive contribution from SEI film during the process of charge and discharge [47, 60] . The other As defined for pseudo-capacitive materials, the time domain from 10 s to 10 min represents the materials with an excellent rate performance in capacitors [62, [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] . (f) The cycling performance of MnO-C//AC capacitor after test of rate capability and the gradation is 0.002% per cycle at 4000 mA/g. attributes to initial incomplete penetration of electrolyte in small channels of porous carbon in electrodes, and the penetration accompanied with the activation of MnO improves as capacitor cycles [61] . With current densities ranging from 200 to 8000 mA/g, the MnO-C//AC capacitor delivered specific capacitances of 331.8, 277.6, 233.4, 179.5, 116.9 and 51.2 F/g, respectively. When the current density returned to 100 mA/g, the specific capacitance retained 372.6 F/g, indicative of an excellent reversibility. It is worth noting that at a high current density of 8000 mA/ g, the capacitance of 52.1 F/g consisted contributions from both conversion reaction of MnO nanocrystals and surface ions sorption. Generally, the maximum specific double layer capacitance is $8.5 μF/cm 2 in carbonaceous materials using non-aqueous electrolyte [62] , thus the specific capacity should be 7.0 F/g from surface ions sorption in MnO-C, implying that conversion reaction from MnO also play an important role in the capacitor when the current density reaches up to 8000 mA/g. In order to contrast the performance of MnO-C anode in asymmetric capacitor, a symmetric Li ion capacitor was fabricated on AC electrodes (marked as AC//AC capacitor) and the rate capability was also tested as shown in Figure 4c . It is worth noting that this AC//AC capacitor also can operate in a voltage window of 0.1-4.0 V. However, the electrochemical basic differs from that of MnO-C//AC capacitor. AC has a superior chemical stability in organic electrolyte, and stores charge through ions sorption/desorption on the surface. Thus, the working voltage window of AC//AC capacitor depends on the decomposition limits of electrolyte. The similar trend of specific capacitance occurs in the first 30 cycles and the profiles of charge/discharge curves display the EDLC characters. However, AC//AC capacitor only delivers the specific capacity of 49.6 F/g at 100 mA/g. As the current density increases to 8000 mA/g, the specific capacitance retains 12.2 F/g, which is far below that of MnO-C//AC capacitor. Comparing the charge/discharge times at same current densities can also find the MnO-C//AC capacitor with the superiority. Figure 4d shows the beginning discharge voltages at various current densities and the voltages present linear relation, indicating the internal resistances are constant with the increase of cycles and current densities, and no side reactions occurred to deteriorate the charge transfer resistances between the electrodes and electrolyte. The slopes of lines reflect the resistance of full capacitors, and the value of MnO-C//AC capacitor is 0.18 Ω g which is smaller than that of AC//AC capacitor of 0.32 Ω g, manifesting that MnO//AC system with an excellent pathway for electrons transfer as characterized by the DC direct probe method and EIS in half cells. EIS spectra of full capacitors (shown in Figure S7 ) display the MnO-C//AC and AC//AC with the internal resistances of 0.21 and 0.11 Ω g, respectively. Although the values are different with those from IR drop in Figure 4d , the trend is in accord with the results in IR drops. This resistance difference between IR drops and EIS may derive from the polarization effect, because the IR drops obtained from a dynamic state in the galvanostatic process that must induce the polarization resistance, but the EIS measured at the static state of capacitors and the polarization resistance can be avoided. In order to contrast the performance of full capacitors, the energy and power density of MnO-C//AC capacitor was calculated as shown in Figure 4e , the achieved maximum energy and power density in MnO-C//AC full capacitor can reach up to 227 W h kg À 1 and 2952 W/Kg, respectively, and the reported Li ion capacitors built on different materials are also displayed in the plot for comparison. The MnO-C// AC capacitor exhibits the competitive strength in the energy and power densities, and at a certain extent, it bridges the gap between conventional batteries and supercapacitors [63] . In addition, cycling stability of MnO-C//AC capacitor was tested at 4000 mA/g and 92.5% capacitance retains after 3500 cycles (Figure 4f) , the degradation rate is only 0.002% per cycle that indicates the MnO-C//AC capacitor with a higher cycling stability compared with the reported literatures as highlighted in Figure S8 . For example, H 2 Ti 2 O 13 //CMK-3 Li ion capacitor cycled at 1.5 A/g within the voltage window of 0-3.5 V, the capacitance retained 80% after 1000 cycles with a degradation rate of 0.02% per cycle [64] . MnO@CNS//CNS capacitor operated at 5 A/g in the voltage range of 1.0-4.0 V and capacitance retention is 76% after 5000 cycles with a degradation rate of 0.005% per cycle. The MnO-C//AC capacitor in this work demonstrated higher energy and power density with excellent cycling stability synchronously due to the fast charge/ion transfer and the shortened distance for ion diffusion in MnO-C electrode, and the high operating voltage in the full capacitor, with a promising market potential in the nonaqueous asymmetric capacitors for powering electric vehicles or portable electronic devices in the future.
Conclusions
Mesocrystal MnO cubes consisting of homoepitaxially aggregated MnO nanocrystals with percolated porous channels were synthesized through PVA assisted hydrothermal method in one step. PVA additive not only assisted the assembly of MnO nanocrystals, but also provides carbon source to build electron highway for charge transfer (2.97 Â 10 À 5 S/cm) in electrochemical reaction. Besides, the mesopores in the mesocrystal cubes supply channels for penetration of electrolyte and enhance the contacting area between electrode materials and electrolyte. The nanocrystals shorten ionic diffusion distance and the cationic vacancies provide void space for fast ion migration (3.33 Â 10 À 13 cm 2 /s), thus the resulting sample displays the enhanced discharge capacity of 637 mA h/g and improved rate capability in half cells. In addition, the electronic structure of Mn ions determines the charge/ discharge characteristic of MnO and the relationship between electrochemical potentials of electrode materials provides a rule to design asymmetric capacitors with an expected voltage window. A 4 V high voltage Li ion capacitor was fabricated on meoscrystal MnO as anode and activated carbon cathode, and displayed the maximum high energy of 227 W h/Kg and power density of 2952 W/Kg with the excellent cycling stability synchronously. We believe that such low-cost, high-performance three dimensional mesopore framework MnO using earth abundant and environmentally friendly element can offer great promise in energy storage device applications.
